Modulation of cellular excitability by altered function of voltage-gated ion channels plays a fundamental role in diseases such as epilepsy[@b1], cardiac arrhythmias[@b2], or episodic ataxia[@b3]. Following the voltage dependent opening most voltage-gated ion channels undergo a closure, called inactivation. In voltage-gated K^+^ (Kv) channels at least two types of inactivation have been described[@b4]: a fast (milliseconds) N-type inactivation and a slow (seconds) C-type inactivation. Deletion of the N-terminus eliminates the fast inactivation, and the slower C-type inactivation is revealed. C-type inactivation is associated with conformational alterations in two parts of the channel: (1) the selectivity filter at the center of the pore domain, consisting of transmembrane segments S5 and S6 from all four channel subunits[@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12]; and (2) the peripherally located voltage-sensor domains (VSDs) comprising segments S1 to S4 of each of the four subunits ([Fig. 1a,b](#f1){ref-type="fig"})[@b13][@b14][@b15][@b16].

High concentrations of K^+^ decrease the rate of C-type inactivation[@b7] while low concentrations make the channel non-functional, sometimes permanently[@b17]. When combined with the fact that ion flux is dependent on a close interplay between several K^+^ binding sites in the pore[@b18][@b19], this suggests that loss of K^+^ from the selectivity filter destabilizes its structure enough to prevent conduction. Functional studies suggest that the selectivity filter widens during slow inactivation[@b6][@b20]. Such a widening is supported by structural studies showing that low K^+^ concentrations prevent K^+^ from being coordinated efficiently because of a conformational change in the selectivity filter[@b12][@b21].

The voltage dependence of voltage-gated channels is mediated by the mobile charge-containing fourth transmembrane segment, S4, in the VSD[@b22][@b23][@b24][@b25][@b26]. Movement of this charged segment generates detectable gating currents[@b22][@b27][@b28]. However, the gating charge movement depends on the holding, or prepulse, voltage. A holding voltage around −80 mV keeps S4 in a resting (down) state even after depolarization to −40 mV, while a holding voltage around 0 mV keeps S4 in an activated (up) state after polarization to the same −40 mV. The gating charge vs. voltage, *Q*(*V*), curve thus depends on the holding voltage. Alteration in holding voltage can shift the *Q*(*V*) by up to 50 mV[@b13]. Such a *Q*(*V*) shift has been described for Na^+^ channels[@b29], Kv channels[@b13][@b15], pace-maker HCN channels[@b16], and also isolated VSDs like the voltage-dependent phosphatase Ci-VSP[@b30]. This *Q*(*V*) shift has been associated with C-type inactivation[@b13] but a direct communication between the pore domain and the VSD has not been demonstrated.

In this study we examine a possible molecular link between the VSDs and the pore domain, with respect to C-type inactivation. Previous studies have shown that the conserved glutamate at the extracellular end of S5 in the pore domain (E418 in the Shaker K channel) is necessary for the slow time-course of C-type inactivation -- mutations to either cysteine[@b15] or glutamine[@b31] accelerates the inactivation drastically. A neighboring residue, F416, is in close contact with the VSD in an X-ray crystal structure[@b24] ([Fig. 1a,b](#f1){ref-type="fig"}) and has been implicated as a candidate for a functional VSD-to-pore domain connection[@b20][@b32]. Further, residues in the neighborhood of F416 form an important, close, and rigid contact point between the VSD and the pore domain[@b33][@b34][@b35][@b36][@b37]. Here we explore the hypothesis that residue F416 is a possible candidate in the reciprocal VSD-to-pore interaction that modulates C-type inactivation.

Results
=======

Residue F416 is a remote player in C-type inactivation
------------------------------------------------------

Substituting an aspartate for a phenylalanine at position 416 (F416D) significantly (*p* \< 0.01) accelerated C-type inactivation, by a factor of 4.0 ([Fig. 1c](#f1){ref-type="fig"}), from *τ* = 4.8 ± 0.1 s (*n* = 3) to 1.2 ± 0.2 s (*n* = 3) and reduced the steady-state current from 30 ± 2% (*n* = 3) to 8 ± 1% (*n* = 3) of the peak current at +80 mV. Switching from a low (1 mM) to a high (100 mM) K^+^ concentration in the extracellular solution slowed down the rate of inactivation at +50 mV by a factor of 2.6 ± 0.6 (*n* = 3), a hallmark for C-type inactivation and an alteration in the selectivity filter. Because aspartate is both charged/polar and relatively short, the faster inactivation could either be a consequence of the size and/or the charge. Neither the slightly longer and negatively charged amino-acid residue glutamate, nor the short but uncharged alanine had any effect on C-type inactivation ([Supplementary Fig. S1a](#S1){ref-type="supplementary-material"}), suggesting that a short *and* a negatively charged/polar residue is required to accelerate C-type inactivation. To test this, we tried a cysteine, which is relatively short with a partial charge at physiological pH (p*K*a = 8.3). F416C at pH 7.4 significantly (*p* \< 0.05) accelerated inactivation from *τ* = 4.8 ± 0.1 s (*n* = 3) to 3.2 ± 0.2 s (*n* = 5) and reduced the steady-state current from 30 ± 2% (*n* = 3) to 10 ± 1% (*n* = 5) of the peak current at +80 mV ([Fig. 1d](#f1){ref-type="fig"}). F416C at pH 11, expected to result in a negative net charge of the cysteine, inactivated 4 times faster τ = 1.0 ± 0.2 s, *n* = 4) than wt at pH 11 *τ *= 3.6 ± 0.2 s; *n* = 4) ([Fig. 1d](#f1){ref-type="fig"}). The short and polar F416S also accelerated the inactivation from *τ* = 4.8 ± 0.1 s (*n* = 3) to 2.4 ± 0.5 s (*n* = 3; *p* \< 0.05) ([Fig. 1e](#f1){ref-type="fig"}). In contrast, the polar but larger F416Q and the bulky F416W did not affect the inactivation ([Supplementary Fig. S1a](#S1){ref-type="supplementary-material"}). The positively charged F416R and F416K did not express; to overcome this, we explored F416H in pH 6.0 (where histidines are expected to be positively charged), but the inactivation was not affected ([Supplementary Fig. S1b](#S1){ref-type="supplementary-material"}). The effect on C-type inactivation is not correlated to any effect on the voltage-dependence of the opening of the channel ([Supplementary Table I](#S1){ref-type="supplementary-material"}).

To conclude, a short and negatively charged or polar residue at 416 clearly accelerated C-type inactivation, while larger, nonpolar, or positively charged residues had no effect. Because F416 is close to the positive gating charges of S4 in the VSD we hypothesized that the negative charge of F416D is attracted to the gating charges, leading to distortion in the top of S5, altered interactions with S6, and eventually a change in geometry of the selectivity filter and C-type inactivation. The slightly longer glutamate (approximately 1 Å) did not cause this alteration, suggesting a well-defined connection between the VSD and the pore domain.

Specific interactions between the pore domain and the VSD trigger C-type inactivation
-------------------------------------------------------------------------------------

If an electrostatic attraction of 416 towards the VSD accelerates C-type inactivation it should be possible to identify interacting partners by metal-ion bridges promoting C-type inactivation. Functional[@b34][@b38] and structural[@b24] studies show that F416 is close to the gating charge R365 in the open state. The neighboring residues A359, R362, and R368 are expected to sweep along the same path during the transition to the resting state; A359 and R362 are expected to pass close to 416 before reaching the open state, and R368 is, together with R365, close to 416 in the open state[@b25][@b39].

10 μM Cd^2+^ did not affect C-type inactivation of A359C/F416C at +80 mV ([Fig. 2a](#f2){ref-type="fig"}). Cd^2+^ significantly (*p* \< 0.05) slowed down C-type inactivation of R362C/F416C, from τ = 4.5 ± 0.2 s to τ = 7.8 ± 0.3 s (*n* = 3; [Fig. 2b](#f2){ref-type="fig"}). Cd^2+^ significantly (*p* \< 0.05) accelerated C-type inactivation of R365C/F416C, by a factor of 6, from τ = 7.1 ± 2.9 s to τ = 1.2 ± 0.1 s and reduced the steady-state current from 25 ± 9% to 8 ± 1% of the peak current at +80 mV (*n* = 3; [Fig. 2c](#f2){ref-type="fig"}). Cd^2+^ had no effect on the time course of R368C/F416C ([Fig. 2d](#f2){ref-type="fig"}). All single mutants were unaffected by Cd^2+^ ([Supplementary Fig. S2a,b](#S1){ref-type="supplementary-material"}) except for R362C ([Fig. 2e](#f2){ref-type="fig"}). Cd^2+^ slowed inactivation in R362C mutants (from τ = 6.5 ± 0.4 s to τ = 11.9 ± 0.2 s, *n* = 6) to a similar extent as in R362C/F416C, suggesting that the Cd^2+^ effect on R362C/F416C was probably not caused by a Cd^2+^ bridge between these two residues. Cd^2+^ can also form a metal-ion bridge between one cysteine and one glutamate[@b25]. R362C is nearby E247 in the last closed state, before the channel reaches the open state[@b25]. Thus, a Cd^2+^ bridge between E247 and R362C prevents, or slows down, the clockwise rotation of S4 that opens the channel. To test if a Cd^2+^ bridge between R362C and E247 is the reason for the slowing down of C-type inactivation we neutralized the charge of E247. Cd^2+^ had a minor effect on the amplitude of E247Q/R362C, but no effect on the inactivation time constant ([Fig. 2f](#f2){ref-type="fig"}). Thus a Cd^2+^ bridge between E247 and R362C is the major cause of the slowed inactivation. In an attempt to create a specific interaction between residues 362 and 416 we tried to make Zn^2+^ bridges[@b40] in R362H/F416H, but this channel did not express.

If a counter-clockwise rotation of S4 (when viewed from the extracellular side; to satisfy a E247E/R362C Cd^2+^ bridge) slows down inactivation, then we hypothesize that a clockwise rotation of S4 can accelerate C-type inactivation. To test this, we employed polyunsaturated fatty acids (PUFAs), that previously has been shown to rotate S4 clockwise[@b38][@b41]. 70 μM docosahexaenoic acid (DHA) clearly accelerated C-type inactivation; the time constant was reduced by 34 ± 4% (*n* = 6; *p* \< 0.01; [Fig. 2g](#f2){ref-type="fig"}). All these data are consistent with a rotation of S4 to open the channel, but another possibility is that S4 is more or less tilted and that the E247E/R362C-bridge and the DHA molecule tilts S4 in different directions. As a critical test of the hypothesis that the charge of DHA accelerates C-type inactivation by rotating S4 clockwise or by tilting S4 towards the lipid bilayer, we performed two types of experiments. First, methyl esters bind to the same position on K channels as PUFAs[@b42] but are uncharged and thus should not rotate or tilt S4 to affect the C-type inactivation. We found that the inactivation time constant was not affected by 70 μM of DHA-methyl ester (0 ± 5%; *n* = 6; [Fig. 2h](#f2){ref-type="fig"}). Second, we tested if a mutation with lower sensitivity to DHA (A359E/R362Q[@b41]) also reduced the DHA effect on C-type inactivation. Indeed, 70 μM DHA accelerated C-type inactivation significantly less in the A359E/R362Q channel compared to wt (−23 ± 3%; *n* = 7; *p* \< 0.05; [Fig. 2i](#f2){ref-type="fig"}). Thus, these data supports the hypothesis that the rotation and/or tilt of S4 due to the interaction with DHA affects C-type inactivation.

A Cd^2+^ bridge within the VSD affects C-type inactivation
----------------------------------------------------------

If a direct interaction between the VSD and the pore domain affects C-type inactivation, alteration solely within the VSD could potentially alter the VSD structure and thereby the VSD-to-pore interaction and consequently the C-type inactivation. To guide our targeting of Cd^2+^ bridges within the VSD[@b25] we identified several interactions in the open state that potentially could affect slow inactivation. Here we report that Cd^2+^ on L327C/R368C significantly (p \< 0.05) decreased the steady-state current at +80 mV from 63 ± 3% to 12 ± 6% of peak current (*n* = 4; [Fig. 3a](#f3){ref-type="fig"}). The inactivation rate was slightly accelerated and the peak current was increased even though the current was measured at a voltage where the *G*(*V*) curve had reached a flat level. Two other confirmed Cd^2+^ bridges, T326C/R365C and T326C/R368C did not affect C-type inactivation ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). Cd^2+^ did not affect the time constant of inactivation, the steady-state current, or the recovery from C-type inactivation of the wt channel or of the single mutants T326C, L327C, R368C, R365C ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"} and [S5](#S1){ref-type="supplementary-material"}), confirming that the Cd^2+^ effect on L327C/R368C was mediated by a Cd^2+^ bridge between these two residues.

To analyze the Cd^2+^ effect on inactivation in more detail we calculated the rate constants *κ* and *λ* assuming the following kinetic scheme (*C* = closed, *O* = open, *I* = inactivated; see Methods for calculations):

The major effect of Cd^2+^ on L327C/R368C was a decrease in *λ*, and a minor increase in *κ* ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}), both effects promoting C-type inactivation of the channel. (Note that the rate λ is not equivalent to recovery from slow inactivation, so this rate could not be measured by a conventional two-pulse protocol). The alteration of the quotient *κ*/*λ* is a good measure of the effect on inactivation; Cd^2+^ increased *κ*/*λ* by a factor of 12 in L327C/R368C mutants, while all other studied single and double mutants were not affected ([Fig. 3b](#f3){ref-type="fig"}).

What is the molecular mechanism of the effect of the L327C/R368C Cd^2+^-bridge? L327C and R368C are relatively distant from each other in the crystal structure ([Fig. 3c](#f3){ref-type="fig"}), and a structural rearrangement is required to make L327C and R368C close enough to create a Cd^2+^ bridge. A Cd^2+^ bridge between L327C and R368C might compress the VSD, and a reduced "pressure" on the pore domain makes *λ* smaller. To get an idea of the required rearrangement, we constructed molecular models of the VSD by Rosetta modelling and molecular dynamics simulations ([Fig. 3d](#f3){ref-type="fig"}). When the L327C/R368C Cd^2+^ bridge is formed by applying harmonic constraints to L327C/R368C to model the bridge in Rosetta, the gating charge R365 is lifted slightly above F416, leaving room for an expansion of the pore domain towards the VSD, but no extra gating charges were transferred through the central hydrophobic core of the VSD. This minor alteration can be the explanation for the effect on C-type inactivation.

Molecular modelling of C-type inactivation
------------------------------------------

The experimental data presented so far are consistent with an hypothesis that pulling residue F416 towards the VSD leads to C-type inactivation. To test this hypothesis, that F416 has to move towards the VSD, to promote C-type inactivation, we used steered molecular dynamics simulations of a Shaker model embedded in a lipid bilayer (see Methods for details) to pull F416 away from the pore. Utilizing a pull coordinate defined as the center-of-mass-distance between F416 in opposing subunits avoided the issue of defining a reaction force group in the remaining portions of the channel, and any resulting torque. Pulling was achieved by introducing a potential to restrain the F416 pair distance to its initial value (using a force constant of 2000 kJ/mol/nm^2^, such that a 0.1 nm displacement from the reference position results in a force of 200 kJ/mol/nm) and the reference distance was then increased by 0.002 nm/ns during the simulation. This moves each F416 residue outwards from the pore in a direction similar the Cd^2+^ bridge ([Supplementary Fig. S6](#S1){ref-type="supplementary-material"}) at an effective rate of roughly *half* this value (since the reference is measured between the two F416 residues), with some fluctuations. The extent of the displacement of F416 is compatible with a Cd^2+^ bridge between F416C and R365C, but it should be kept in mind the simulation is a model of the distortion in the pore rather than a model of metal-ion bridge rigidity. Four simulations of 300 ns each were performed, as well as a control simulation without any pull force. In all simulations except the control, the force on F416 caused a slight outward motion of S5, which was mediated to S6 through E418, which in turn caused a rearrangement of the side chain interactions between K456 and W434 just outside the selectivity filter ([Fig. 1](#f1){ref-type="fig"}). For two out of the four simulations (\#2 and \#4), this led to a distinct perturbation of the selectivity filter characterized by shifts in the geometry of the backbone carbonyls in positions 443 through 445, which was immediately followed by K^+^ leaving the binding site in the filter ([Fig. 4a,b](#f4){ref-type="fig"}) and likely making the channel non-conducting. In the upper part of the filter (Y445, G446), carbonyls were displaced outwards and upwards ([Supplementary Fig. S7](#S1){ref-type="supplementary-material"}), which increased the diameter of the filter and destroyed the coordination of the ion binding site ([Fig. 4c,d,e](#f4){ref-type="fig"}). As K^+^ dissociated, water and Na^+^ entered the filter. In the lower part of the filter (in vicinity of V443) the carbonyls were displaced downwards (i.e., an elongation of the entire filter; [Supplementary Fig S7](#S1){ref-type="supplementary-material"}) with maintained ion coordination ([Fig. 4b,e](#f4){ref-type="fig"}). In simulation \#3 the distortion of the pore occurred slower (over 150 ns), but the end result was the same -- complete dissociation of the K^+^ ion. Finally, in simulation \#1, the same distortion and distance increase in the upper filter carbonyl geometry were observed, but in this case K^+^ had not dissociated after 300 ns. It is worth noting that the effect observed is not a plain outward motion in the same direction as the pulling, but mainly a gradual straining of the pore that leads to a filter extension. The control simulation showed no perturbation of the structure for the filter (average carbonyl-carbonyl displacement from initial structure in positions 443 to 445 smaller than 0.02 nm, with standard error 0.04 nm). A second control was performed by removing the pulling force after 225 ns, which resulted in the pore relaxing back ([Supplementary Fig. S8](#S1){ref-type="supplementary-material"}).

Concerted action in C-type inactivation
---------------------------------------

So far, both experimental and computational data in this study suggests that an interaction between F416 and the VSD lead to C-type inactivation. It is known that C-type inactivation is a cooperative process between the four subunits, involving residues at the center of the ion channel[@b7][@b8][@b9][@b43] or residues more distant from the selectivity filter[@b15]. However, it is not known if residues in the periphery act in concert with residues at the center of the channel. To explore this we mutated non-interacting pairs of residues known to affect C-type inactivation, at the extracellular surface of the channel protein. If two residues act in concert, the energetics of the two mutations will be added, meaning that the alteration in the inactivation rate caused by the first mutation multiplied by the alteration caused by the second mutation should equal the alteration caused by the double mutant. If two residues act independent of each other, the inactivation rate of the double mutant should equal or close to the inactivation rate of the fastest single mutant (see [Supplementary information](#S1){ref-type="supplementary-material"} for details).

We explored all possible combinations of four residues covering a large area of the extracellular surface of the pore domain to test if they act in concert (416, this study; 418[@b15][@b31]; 449[@b7][@b8]; 456, this study). 449 and 456 clearly acted in concert during C-type inactivation: T449A ([Fig. 5a,d](#f5){ref-type="fig"}) and K456M ([Fig. 5a,b](#f5){ref-type="fig"}) inactivated 13 and 20 times faster than wt respectively, and the double mutant T449A/K456M inactivated 1600 times faster than wt ([Fig. 5a,e](#f5){ref-type="fig"}). Among all other tested combinations (F416D/E418C, F416D/K456M, F416D/T449A, F416D/T449V, E418C/K456M, and E418C/T449A), only F416D/T449A and F416D/T449V generated clearly recordable currents. F416D/T449A ([Fig. 5f](#f5){ref-type="fig"}) inactivated clearly faster than the single mutants F416D ([Fig. 5c](#f5){ref-type="fig"}) and T449A ([Fig. 5d](#f5){ref-type="fig"}) suggesting a concerted action. F416D/T449V ([Fig. 5h](#f5){ref-type="fig"}) inactivated at the same rate as wt, thus much slower than F416D ([Fig. 5c](#f5){ref-type="fig"}) but faster than T449V ([Fig. 5g](#f5){ref-type="fig"}), as expected for concerted action, and in sharp contrast to a non-concerted action.

A pore domain mutation affects gating charge motion
---------------------------------------------------

Above, we have shown that alterations in the VSD affect C-type inactivation, and that residues located far away from each other act in a concerted fashion. A critical question is if this concerted action in the pore domain reaches the VSD. To explore this we measured gating currents[@b27][@b28], that is intramolecular charge movement within the VSD. Mutations in residue 416 were combined with W434F (to make the pore non-conducting[@b43]). F416D/W434F did not generate any measurable gating currents. But F416C/W434F generated large gating currents ([Fig. 6](#f6){ref-type="fig"}). The F416C mutation only had a minor effect on the ON gating current measured at 0 mV ([Fig. 6a](#f6){ref-type="fig"}); after the slowly rising phase[@b22] the gating current decayed almost exponentially (1.7 ± 0.2 ms, *n* = 4 vs. 2.8 ± 0.8 ms, *n* = 3). The OFF gating current was slower in F416C/W434F compared to W434F ([Fig. 6d](#f6){ref-type="fig"}). After the slowly rising phase (in absolute terms)[@b22], the gating current decayed (in absolute terms) almost exponentially (5.2 ± 0.5 ms, *n* = 4 vs. 18.8 ± 4.1 ms, *n* = 3). This suggests a modest stabilization of S4 in the up state by the F416C mutation.

Gating charge movements of VSDs depend on the holding voltage[@b13][@b15][@b16][@b30][@b44]. The alteration of the gating-charge movement depending on the holding voltage is referred to as a *Q*(*V*) shift. The molecular mechanism is not known but it has been linked to C-type inactivation[@b13]. However, it is also known to occur in isolated VSDs[@b30], which rules out inactivation as a mandatory event. The size of the *Q*(*V*) shift varies from −25 to −70 mV depending on the channel studied and surrounding solutions. Because F416C affected C-type inactivation, we investigated if this mutation also affected the *Q*(*V*) shift in F416C/W434F. The integrated ON and OFF gating currents (i.e. the gating charge) were about equal and the total gating charge was independent of the holding voltage ([Fig. 6b,e](#f6){ref-type="fig"}). The midpoint of the *Q*(*V*) curve was shifted from −61.0 ± 0.3 mV (*n* = 3) to −77.5 ± 0.3 mV (*n* = 3) when the holding voltage was altered from −80 to 0 mV ([Fig. 6c](#f6){ref-type="fig"}). The *Q*(*V*) shift was only −16.5 mV, thus clearly smaller than for wt, −28.3 mV (W434F; *V*~½~ = −36.6 ± 0.5 from a holding voltage of −80 mV; V~½~ = −64.9 ± 0.5 from a holding voltage of 0 mV; *n* = 4) ([Fig. 6f](#f6){ref-type="fig"}). To properly measure the *Q*(*V*) shift, the holding voltage should be from voltages where the gating charges have not started to move. In [Fig. 6c](#f6){ref-type="fig"} it is clear that 16% of the charges have moved at the holding voltage. We tried to keep the holding voltage at more negative values but the cells did not survive long enough to allow stable gating current measurements. To compensate for this less optimal holding voltage, we instead refitted the *Q*(*V*) curves with a sum of two Boltzmann curves[@b13] where the midpoint of the second component was fixed to the value for the *Q*(*V*) curve from a holding voltage of 0 mV. The best fit yielded a second component representing 15% of the total gating charge (dashed line in [Fig. 6c](#f6){ref-type="fig"}). Simultaneously V~½~ for the first component was shifted from −61.0 to −58.3 mV. Thus, the corrected *Q*(*V*) shift should be −19.2 instead of −16.5 mV, but still significantly smaller than for WT. Thus, a mutation in the pore domain at the extracellular end of S5 modifies gating charge movements and the size of the *Q*(*V*) shift.

Discussion
==========

The present investigation, focused on the VSD-to-pore domain connection, suggests the following:A centrifugal motion of 416 (meaning to flee from the center) is associated with selectivity filter widening, K^+^ loss, and channel inactivation. Plenty of data support this: (i) A short negatively charged residue at 416, probably attracted to R365, accelerated C-type inactivation. (ii) A Cd^2+^ bridge between F416C and R365C accelerated C-type inactivation. (iii) A rotation and/or tilt of S4 altered the rate of C-type inactivation. (iv) A centrifugal pulling of residue 416 in molecular dynamics simulations widened the selectivity filter and altered the coordination of bound K^+^ ions. (v) A restoration of the filter structure was hampered by a Cd^2+^ bridge inside the VSD.Molecular motions in the extracellular portion of the channel associated with C-type inactivation occur in a concerted fashion. This suggests that a pore widening leads to centrifugal motion of 416 and conversely, a centrifugal motion of 416 leads to a filter widening.An alteration in residue 416 in the pore domain modifies the *Q*(*V*) shift of the VSD.

We propose the following scenario: The outward movement of S4 rotates S6 and opens the intracellular gate[@b45][@b46]. The S6 rotation triggers a concerted process where the filter widening, the K^+^ loss, the pore-to-S6 loop rotation[@b15], and the centrifugal motion of residue 416 are closely coupled ([Fig. 7a](#f7){ref-type="fig"}). The centrifugal motion of residue 416 stabilize S4 in an up state and consequently shift the *Q*(*V*) curve in negative direction along the voltage axis during slow inactivation.

The *Q*(*V*) curve in many voltage-gated ion channels and isolated VSDs (i.e. without a pore domain) depends on the holding voltage[@b13][@b15][@b16][@b30][@b44]. In other words, the gating-charge movement of the VSD depends on the voltage prehistory. The time course of the *Q*(*V*) shift, roughly follows the time course C-type inactivation in some channels[@b13] but the link is not obligatory (see below). Thus, the *Q*(*V*) shift is probably caused by an alteration in the molecular structure of the VSD occurring during C-type inactivation. However, the *Q*(*V*) shift is also found in VSDs lacking the pore domain[@b30] (which per definition cannot inactivate), and in channels where C-type inactivation is prevented[@b16][@b47]. Conversely, in channels lacking a VSD, a C-type like inactivation is present in the selectivity filter[@b11]. Thus, the *Q*(*V*) shift and C-type inactivation are closely linked in some ion channels but the two molecular events can also occur independent of each other.

[Figure 7b](#f7){ref-type="fig"} illustrates the relation between the *Q*(*V*) shift and C-type inactivation. Activation (outward movement of S4; *Closed* → *Open*) typically takes a few milliseconds, while the *Q*(*V*) shift (vertical transitions) and C-type inactivation (horizontal transitions) takes a few seconds. Either there is a tight link between the *Q*(*V*) shift and the C-type inactivation, or the two processes can occur relatively independent of each other. If there is a tight link, the *Inactivated* and *Open*\* states are only briefly occupied. Experimental data on the time course of the inactivation and the *Q*(*V*) shift[@b13] suggests they are tightly linked, and this is supported by our data that residues covering a large part of the channel, from the selectivity filter to the VSD, act in a concerted fashion. On the other hand, the W434F mutation, close to the selectivity filter, accelerates the inactivation by a factor of \>10^6^ [@b48], but does not eliminate the *Q*(*V*) shift[@b13], suggesting that the *Inactivated* state ([Fig. 7b](#f7){ref-type="fig"}) must be semi-stable. Thus, we propose that there is a wide range of VSD-to pore couplings, where Shaker wt has a relatively tight coupling. In Shaker, we suggest that a structural swelling of the pore domain is directly linked to a widening of the selectivity filter and the *Q*(*V*) shift, and thus that the *Inactivated* and *Open*\* states are suggested to be only briefly occupied ([Fig. 7b](#f7){ref-type="fig"}).

The link between the VSD and the pore domain with respect to C-type inactivation and the *Q*(*V*) shift is important in normal physiology and in pathology. A mutation in S1 in the Kv1.1 channel gives rise to episodic ataxia and the molecular disease mechanism has, in part, been shown to affect C-type inactivation[@b49]. Pace-maker HCN channels, which are responsible for triggering action potentials in the sinoatrial node of the heart, undergo a prominent *Q*(*V*) shift (or mode shift) during each heart cycle; a reduced mode shift is suggested to cause cardiac arrhythmia[@b16][@b50]. While the HCN channel is a distant relative to the voltage-gated K channels, it has been suggested that the mechanism of C-type inactivation and the mode shift share similar features[@b16]. Thus, elucidation of the molecular mechanism underlying C-type inactivation could suggest new treatments for channel-related diseases.

In conclusion, the present study suggests a direct linkage between the VSD and the pore domain, which affects C-type inactivation. Both experimental and modelling data suggests that centrifugal pulling in the pore domain leads to C-type inactivation, and that the resulting structural alteration in the pore domain affects the VSD function. This linkage is suggested to play a role in diseases and therefore also in its treatments.

Material and Methods
====================

Molecular biology
-----------------

All animal experiments were approved by Linköping's Animal Care and Use Committee and followed international guidelines. Experiments were carried out on the Shaker H4 channel (accession number NM_167595.3)[@b51] made incapable of fast inactivation by the Δ(6--46) deletion[@b52] that was inserted into the Bluescript II KS(+) plasmid. This channel is referred to Shaker wt in this study. Point mutations were introduced using QuikChange Site-Directed Mutagenesis kit (Agilent Technologies) and verified by sequencing. cRNA was synthesised from DNA using the mMessage mMachine T7 kit (Ambion, Austin, TX).

Preparation and injection of oocytes
------------------------------------

African clawed frogs (*Xenopus laevis*) were anesthetized with 1.4 g/L ethyl 3-aminobenzoate methanesulfonate salt (tricaine). After an incision through the abdomen a batch of oocytes were removed and the wound stitched together. Clusters of oocytes were separated by incubation for \~1 h in a Ca^2+^-free OR-2 solution (in mM: 82.5 NaCl, 2 KCl, 5 HEPES, and 1 MgCl~2~; pH adjusted to 7.4 by NaOH) containing Liberase Blendzyme. The oocytes were then incubated at 8 °C either in modified Barth's solution (MBS; in mM: 88 NaCl, 1 KCl, 2.4 NaHCO~3~, 15 HEPES, 0.33 Ca(NO~3~)~2~, 0.41 CaCl~2~, and 0.82 MgSO~4~; pH adjusted to 7.6 by NaOH) supplemented with penicillin (25 U/ml), streptomycin (25 μg/ml), and sodium pyruvate (2.5 mM) or in SBS (in mM: 88 NaCl, 1 KCl, 0.4 CaCl~2~, 0.33 Ca(NO~3~)~2~, 0.8 MgSO~4~, 5 Tris-Hcl, and 2.4 NaHCO~3~,) 2--24 hours before injection. 50 nl of cRNA was injected into each oocyte using a Nanoject injector (Drummond Scientific, Broomall, PA). Injected oocytes were kept at 8 °C in MBS or SBS. All chemicals were supplied from Sigma-Aldrich (Stockholm, Sweden) if not stated otherwise. For double cysteine mutants, 0.5 mM DTT was added to the MBS or SBS to prevent disulfide-bond formation during incubation. Separated oocytes were ordered from ecocyte (Castrop-Rauxel, Germany). Ordered oocytes were injected and stored as described above. Results from experiments were independent of storage solution and oocyte origin.

Electrophysiology
-----------------

All manual electrophysiological recordings were performed at room temperature (20--23 °C), using a CA-1B amplifier (Dagan Corporation) and a Digidata 1322A or 1440A digitizer and pClamp 10 software (Molecular Devices, Inc., Sunnyvale, CA, USA). The amplifier's leak and capacitance compensation were used, and the currents were low-pass filtered at 5 kHz. The oocyte was placed in a bath surrounded by 1K extracellular solution that contained (in mM): 88 NaCl, 1 KCl, 15 HEPES, 0.4 CaCl~2~, and 0.8 MgCl~2~, pH adjusted to 7.4 by NaOH (reaching a Na^+^ concentration of \~100 mM). Control solution was added to the bath using a gravity driven perfusion system. Solutions of 10 μM CdCl~2~, 70 μM DHA, and 70 μM DHA-me were prepared in control solution (unless stated otherwise). To study channel voltage dependence and kinetics, steady-state currents were achieved by stepping to voltages typically between −80 mV and +100 mV in 10 mV increments with 100 ms long pulses. To study channel C-type inactivation, currents were recorder by stepping to voltages between −40 mV and +80 mV in 20 mV increments with 10 s long pulses. To study gating currents the membrane voltage was stepped to voltages between −150 mV and +100 mV for 60 ms from a holding voltage of either −80 mV or 0 mV. The membrane capacitance was compensated at 0 mV.

Analysis of electrophysiological data
-------------------------------------

The electrophysiological data were processed using Clampfit 10.4 (Molecular Devices, LLC.) and GraphPad Prism 5 (GraphPad Software, inc) software. The conductance *G*~K~(*V*) was calculated as

where *I*~K~ is the average current from the steady-state phase at the end of each 100-ms pulse, *V* is the absolute membrane voltage, and *V*~rev~ is the reversal potential for K^+^ (set to −80 mV for the oocytes). These data were fitted to a Boltzmann equation

where *A* is amplitude of the curve, *V*~½~ is the midpoint voltage, and *s* is the slope.

To calculate the Cd^2+^-induced effect on the inactivation transitions we assumed the following state diagram:

The rate constants α and β are fast (ms time scale), while λ and κ are slow (s time scale). If the open probability is high, i.e. α » β, then λ and κ can be calculated. The decaying phase of the K current (I~K~) is fitted to

where I~max~ is the current at the start of the fit (close to peak current), SS is the expected steady-state current, and τ is the time constant of the inactivation. τ=1 / (κ + λ), and SS=λ/(κ + λ), and thus, the rate constants can be calculated:

*κ* and λ where calculated from current traces at very positive voltages to ensure high open probability even in the mutant with the most right shifted voltage dependence ([Supplementary Table I](#S1){ref-type="supplementary-material"}). However, for some mutants, Cd^2+^ increased the maximum current slightly, thereby altering the time constant of inactivation. Thus, the calculations were modified for every experiment to take into account the increase in current.

To determine if two non-interacting residues in a subunit act in concert to promote C-type inactivation we studied the rate of inactivation of combinations of the mutants shown to affect C-type inactivation (see [Supplementary Information](#S1){ref-type="supplementary-material"} for more details). If the two residues (A and B) work in concert we expect that

If the two non-interacting residues instead affect C-type inactivation independent of each other, the mutation causing the fastest C-type inactivation will dominate the process. Thus, if τ~A~ \< τ~B~, then

To analyze gating currents, a leakage current correction was performed off line. The gating charge was calculated from 1.5 ms after onset of pulse (to exclude the majority of the capacitive current) to the end of the ON pulse. *Q*(*V*) was normalized and plotted as a percentage of the maximum. Data are means ± SEM. The effect of specific mutations on the time constant and steady state level of currents was compared to WT values using one-way ANOVA (Dunnett's multiple comparison test). P \< 0.05 is considered statistically significant.

Molecular modeling and simulation
---------------------------------

An homology model of Shaker was constructed based on the X-ray structure of the Kv1.2--2.1 chimera (PDB entry 2R9R) in ROSETTA. The model was embedded in a POPC bilayer with explicit solvent using the CHARMM36 force field for both protein and lipids[@b53]. The simulations where carried out using GROMACS 5.0.3[@b54], using particle-mesh Ewald electrostatics and a 1 nm cut-off for both electrostatics and van der Waals interactions. A 2fs time step was used, with all bond lengths constrained using the LINCS algorithm. Temperature was kept at 300K using the Bussi v-rescale thermostat, and semi isotropic pressure coupling applied with the Parrinello-Rahman barostat. All systems were subject to steepest descent energy minimization and then relaxed with 1000 kJ/mol/nm^2^ position restraints on heavy atoms for 50 ns prior to starting production simulations.
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![The pore domain/VSD interface is important for C-type inactivation.\
(**a**,**b**) Molecular structure of the Shaker Kv channel (top view in **a**, side view in **b**). Four identical voltage-sensor domains (VSDs) surround the pore domain. The voltage sensor S4 (positively charged residues in blue) is in an activated up-state. For clarity, the VSDs in the front and the back are removed (**b**). Labelled residues are discussed in this paper. (**c--e**) Effects of different mutations and pH on the inactivation time course and steady-state current. Test step voltage = +80 mV. Holding voltage = −80 mV. pH = 7.4 if not otherwise noted.](srep27562-f1){#f1}

![Interactions between F416C of S5 and residues of S4 affect C-type inactivation.\
(**a--e**) 10 μM Cd^2+^ (red) affects the time course of slow inactivation in R362C/F416C (**b**) and R365C/F416C (**c**) but not in R359C/F416C (**a**) or R368C/F416C (**d**). Control in black. (**e**) 10 μM Cd^2+^ (red) slows down inactivation in R362C single mutant. (**f**) 10 μM Cd^2+^ (red) does not affect the inactivation time constant in E247Q/R362C. (**g**) 70 μM DHA (blue) accelerates inactivation in Shaker wt. (**h**) 70 μM DHA-me (blue) does not accelerate inactivation in Shaker wt. (**i**) 70 μM DHA (blue) only has a minor effect on inactivation in A359E/R362Q. For all panels, test step voltage = +80 mV, holding voltage = −80 mV, pH = 7.4.](srep27562-f2){#f2}

![Interactions between S3 and S4 in the VSD affect C-type inactivation.\
(**a**) 10 μM Cd^2+^ (red) inactivates L327C/R368C to a lower steady-state current. Control in black. Test step voltage = +80 mV. Holding voltage = −80 mV. pH = 7.4. (**b**) Quotient of Cd^2+^ effects on the rate constants *λ* and *κ* calculated according to Scheme I (see Methods for details) for eight different channels. Error bars are calculated from the inverse of the data. *n* = 3--4. (**b**) Top view of model of the VSD and S5 of the Shaker channel based on a crystallographic structure. (**d**) Top view of the model based on our experimental data. Note how a Cd^2+^ bridge between L327C and R368C lifts R365 (cyan) above F416 (green) without moving more positive gating charges across the central hydrophobic barrier of the VSD.](srep27562-f3){#f3}

![Molecular modelling of the mechanism for C-type inactivation.\
(**a**) Distances between the α carbons for six residues in the selectivity filter during a 300 ns long MD simulation when all four 416 residues are pulled away from the center of the channel at a rate of 0.001 nm/ns (see Methods for details). After 229 ns (vertical line) the distances are abruptly altered and the first K^+^ leaves the filter array. (**b**) A snapshot at the time of the filter collapse (229 ns) shows that the array of K^+^ in the selectivity filter retreat downwards. Water and Na^+^ interact with carbonyls (red sticks) in positions 445 and 446. Structure is aligned to initial frame of the simulation (grey sticks) with regard to N, CA, C, and O backbone atoms in position 441 to 446 of all four chains. (**c--e**) Filter distortion (top view). At positions 445 (**c**) and 444 (**d**) there is an increase in filter diameter (average of distances between carbonyls of opposing chains) compared to initial structure (grey sticks, dotted circle). At position 443 (**e**) there is a decrease in filter diameter. There is also side chain rotations of Y445 at the moment of filter collapse (**c**).](srep27562-f4){#f4}

![Concerted action within a subunits during C-type inactivation.\
(**a--h**) Inactivation of eight different channels as denoted in the panels. Test step voltage = +80 mV; holding voltage = −80 mV; pH = 7.4. An inset is shown for T449A/K456M for a 20 ms long pulse (**e**). The pulses for T449V (**g**) and F416D/T449V (**h**) were 60 s long but for comparative reasons only 10 s are shown.](srep27562-f5){#f5}

![F416C in the pore domain affects molecular motions within the VSD.\
(**a**) ON gating currents at 0 mV. Holding voltage V~H~ = −80 mV. (**b**) Gating currents of F416C/W434F. V~H~ = −80 mV. (**c**) Charge vs voltage of F416C/W434F calculated from ON gating currents. V~H~ = 0 mV (black symbols), V~H~ = −80 (white symbols). The continuous curves are best fits to [Eq. 2](#eq9){ref-type="disp-formula"} with a shared slope value. *V*~½~(−80 mV) = −61.0 mV, *V*~½~(0 mV) = −77.5 mV. The dashed curve is the best fit of a sum of two Boltzmanns' curves ([Eq. 2](#eq9){ref-type="disp-formula"}), where V~½~ for one component was fixed to −77.5 mV. *V*~½~ for the other component was determined to −58.3 mV. (**d**) OFF gating currents at −80 mV after 60 ms at 0 mV. (**e**) Gating currents of F416C/W434F. V~H~ = 0 mV. (**f**) Charge vs voltage of W434F calculated from ON gating currents. V~H~ = 0 mV (black symbols), V~H~ = −80 mV (white symbols). The continuous curves are best fits to [Eq. 2](#eq9){ref-type="disp-formula"} with a shared slope value. *V*~½~(−80 mV) = −36.6 mV; V~½~(0 mV) = −64.9. All the recordings were done at pH 7.4.](srep27562-f6){#f6}

![Mechanisms for C-type inactivation.\
(**a**) Molecular structure of one VSD (left) and the pore domain (right). Important residues explored in this study are space filled. Yellow double-directed arrow denotes approximate path for the molecular signal. (**b**) Postulated inactivation and *Q*(*V*)-shift pathways. Pore domain (blue), VSD (red), S4 (orange). Depolarization shifts the channel from a *closed* state to an *open* state. Prolonged depolarization either (1) rearranges the selectivity filter (*inactivated* state), and then alters the outer pore domain and S4 (*inactivated*\* state), or (2) alters the outer pore domain and S4 (*open*\* state), and then rearranges of the selectivity filter (*inactivated*\* state).](srep27562-f7){#f7}
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